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vesicles from an organotypic culture model
Alexandra Iordachescu, *ab Philippa Hulleyb and Liam M. Grovera
Nanovesicles, exosomes and other membrane bound particles excreted by cells are currently gaining
research attention since they have been shown to play a signiﬁcant role in many biologically related
processes. Vesicles are now thought to mediate cellular communication, transmission of some diseases
and pathologically mediated calciﬁcation. Matrix vesicles have long been proposed to be central to the
controlled mineralisation of bone. They remain relatively poorly studied, however, since they are
challenging to extract from biological media. One diﬃculty is the presence of a mineral content in
comparison to pure lipid vesicles, meaning that standard separation process such as ultracentrifugation
are unable to precisely separate on the basis of size or weight. In this paper we report the separation of
matrix vesicles from an organotypic bone culture system using a process of immunoprecipitation. Matrix
vesicles were extracted using polymeric beads that were modiﬁed with an antibody for tissue non-
speciﬁc alkaline phosphatase (TNALP), a surface marker abundant in bone-derived vesicles. The vesicles
isolated were positive for adenosine triphosphate (ATP), the substrate for TNALP and were demonstrated
to have a high-binding aﬃnity to type I collagen, the principal collagen type found in bone. This protocol
enables more detailed study of the process and regulation of mineralisation.Introduction
The process of ossication takes places through a cell-mediated
route, where cartilaginous matrix built by chondrocytic and
osteoblastic cells becomesmineralised in an organisedmanner,
ultimately giving rise to the mature bone tissue.1 It is generally
accepted that the process of calcium and phosphate deposition
in cartilage, bone and dentin is mediated by exosome/vesicle-
like nano-structures, generally referred to as matrix vesicles
(MVs).2–4 These nanovesicles are thought to bud oﬀ from the
plasma membrane of hypertrophic chondrocytes and osteo-
blasts5 and contain a combination of compounds which allow
the localised deposition of hydroxyapatite (or a poorly crystal-
line apatite), which ultimately becomes precipitated on the
surface of collagen brils,2,6 forming nucleation points7 for
further mineral growth.
The selection of specic vesicles present in the environment
of cells which are actively involved in building the bone matrix
(i.e. osteoblasts and osteocytes) can be useful for further
understanding the ossication process during both physiolog-
ical and aberrant states.
This has been an area of intense research in the past years
and numerous methods have become available for selectingof Birmingham, Edgbaston, Birmingham,
.ac.uk
rd, Old Road, Headington, Oxford, OX3these nanostructures for further characterisation, each pre-
senting various advantages and disadvantages.8 Traditional
protocols for selecting these small vesicles involve ultracentri-
fugation (UC),9which allows the separation of matrix vesicles on
the basis that larger particles sediment faster, while the smaller
particles remain in the supernatant and can be recovered using
further centrifugation steps. In the case of matrix vesicles, the
mineral phase contained by the vesicles increases their weight
such that they pellet at a faster rate.9 Whilst this method can
produce a high yield of nanovesicles, the selection of nano-sized
structures solely on this basis presents signicant disadvan-
tages such the inability to remove similar exosomes of equal
weight;10 deformations and damage associated with the centri-
fugation process, such as exosomal aggregation,11 which can
potentially impact proteomic and RNA content analysis12,13 as
well as inconsistencies related to using the same protocol with
diﬀerent rotors.14 Moreover, subsequent characterisation tech-
niques used to conrm the nature of exosomes isolated through
diﬀerential ultracentrifugation, such as visualisation using
TEM, which has been traditionally used to observe these
structures at high resolution, is not always able to conrm the
nature of vesicles due to artefacts associated with the sample
preparation process for TEM, which causes dehydration and
collapse of vesicles;8,12 and the presence of matrix vesicles
lacking a mineral phase.5,15,16 Therefore, methods which can
select these vesicles based on consistently described markers in
their composition are more reliable and appropriate indicators
of their presence in the mineralising matrix and for furtherThis journal is © The Royal Society of Chemistry 2018
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View Article Onlinedescription of their biological role. Markers involved in ossi-
cation, abundantly present on the surface of these matrix vesi-
cles, such as tissue non-specic alkaline phosphatase
(TNAP)4,17–19 can be targeted and used for immuno-isolation
using standard immunoprecipitation protocols.20,21 Although
a much smaller population can be selected using this proce-
dure, the presence of ossication markers on nano-sized vesi-
cles can provide conrmation on their actual identity as well as
involvement in the biomineralization process.
Extracting these vesicles from complex structures such as
bone is very diﬃcult if not impossible. In vitro, this technique
can be a straightforward process, given the high number of
osteoblastic cells that can be cultured in 2D. However, the lack
of a three-dimensional environment and of a bone-like
surrounding matrix may inuence the physiological relevance
of the collected vesicles. 3D cultures of osteoblastic cells can
provide an ideal alternative to generate a rich source of vesicles
which can be collected for analysis. Recently, we have developed
an organotypic model of mature bone,22 which allows long-term
culture of bone tissue, in excess of 1 year, and which shows
a biochemical composition and structural organisation similar
to mature bone at the centimetre scale. We present here
a method for small-scale isolation of matrix vesicles from the
growth medium of this bone-like system, based on surface
marker immunoselection, which can provide a valuable tool for
understanding the biological function of these structures.
Aims and objectives
The goal of this work was to isolate a small sub-population of
matrix vesicles from the total secretome of cells embedded in the
organotypic bone system that we have recently developed. The
work used immunoselection, combined with a panel of charac-
terisation techniques in order to determine the role of these
nanostructures in biological processes taking place in constructs.
Materials and methods
Development of the organotypic culture system
Constructs were developed using the methods described
previously,22 by seeding brin hydrogels with an osteoblastic
cell population derived from the periosteal tissue of femoral
bones. The brin scaﬀolds were produced through the inter-
action of the normal plasma components, thrombin and
brinogen. Bovine-derived thrombin powder (Calbiochem,
EDM Chemicals; 1KU) was reconstituted using 0.1% w/v BSA
and 5 ml F12K Nutrient Mixture (1) with Kaighn's modica-
tion (Gibco Life Technologies) to make a nal concentration of
200 U ml1. Powdered bovine brinogen (Sigma Life Sciences)
was reconstituted in F12K Nutrient Mixture (1) with Kaighn's
modication (Gibco Life Technologies) at a ratio of 20 mg ml1.
Thrombin was added to a solution containing the cell culture
medium (either DMEM or aMEM) at a ratio of 50 ml ml1
solution. The anti-brinolytic agents aminohexanoic acid (200
mM) and aprotinin (10 mg ml1) were added to the thrombin
solution at a ratio of 2 ml ml1 in order to reduce the degrada-
tion rate of the brin gel, in order for it to match the rate of newThis journal is © The Royal Society of Chemistry 2018matrix formation so that the mechanical integrity of the tissue
can be maintained over longer periods of time. Hydrogels were
generated by mixing 500 ml thrombin solution with 200 ml
brinogen. Gels were allowed to polymerize for 30–40 minutes.
Cells were seeded into the brin constructs immediately
following gel polymerization; at a density of 100 K/2 ml of cell
culture medium.
These cell-seeded gels were formed on a mineral backbone
structure in order to encourage self-organisation of the hydrogels.
These structures were composed of 2 calcium phosphate anchors,
which were provided as retention points around which cells
organised and contracted the brin gels over 7 days, producing
three-dimensional constructs. The anchors also supplied a source
of calcium and phosphorus which was required for the formation
of bone. Anchors were created by mixing 2.5 g of b-TCP powder
(<125 mmparticle size) per 1ml of orthophosphoric acid (3.5 M) to
generate a paste, composed of a mixture of brushite and b-TCP.
The liquid mixture was poured into individual, pre-shaped wells
of moulds, placed on top of a shaking platform, to encourage
uniform setting inside the shapes. 1.4 cm stainless steel insect
pins (Austerlitz minutiens, Fine Science Tools, USA), with
a diameter of 0.20 mm were inserted into the individual wells on
the moulds before the mixtures advanced into a solid state. The
mixtures containing the pins were allowed to fully harden for 3–4
hours and were sterilized overnight using UV light exposure, as
well as with 70% EtOH for 30 minutes on the day of use. The nal
anchors had a trapezoidal shape and measured approximately
3 mm  4 mm  4 mm in height.
Following 1 month of culture, constructs were supplemented
with full osteogenic DMEM culture medium containing b-glyc-
erophosphate (10 mM), ascorbic acid (0.1 mM) and dexameth-
asone (10 nM) (Sigma Aldrich, Germany), to encourage further
matrix deposition.
Visual analysis of the structural evolution
The progress of ossication wasmonitored usingmicro-computed
tomography. Acquisition settings consisted of an X-ray voltage of
50 kV and a tube current of 100 mA; an image pixel size of 13 mm,
with an exposure time of 510ms, a rotation step of 0.4 degrees and
a frame averaging value of 2. Flat eld correction was performed
for image clarity and no further corrective functions were applied.
Transfer functions were created in the CTVox soware that
allowed segmentation of the high-density matrix components, as
well as for creating colour-coded versions of the components in
the constructs. The same transfer function was used for all
constructs in the same group of investigation.
Collection of medium for vesicle isolation
Medium was collected from the culture wells at various time
points and a volume of 1 ml was used for every isolation and
characterisation procedure using the procedures described
below.
Development of the immuno-isolation system
Matrix vesicles were isolated from the culture medium of
constructs by immunoprecipitation using 2.8 mmRSC Adv., 2018, 8, 7622–7632 | 7623
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View Article Onlinesuperparamagnetic Dynabeads (Invitrogen, Thermo Fisher
Scientic, CA, USA), covalently coupled to protein G on their
surface (approx. 17 kDa). Rabbit monoclonal antibodies against
Rat Alkaline Phosphatase, Tissue Non-Specic (TNAP) were
used to isolate the vesicles (Abcam, Cambridge, United
Kingdom). Antibodies were attached to the magnetic beads
through their Fc region during a 15 minutes incubation with
rotation at room temperature, at a ratio of 5 mg of Ab/200 ml PBS
containing 0.01% Tween-20 and 0.09% sodium azide, in which
1.5 mg magnetic beads were resuspended (Invitrogen, Thermo
Fisher Scientic, CA, USA). The complex formed was washed by
resuspending in 200 ml buﬀer and 1000 ml of culture medium
containing the matrix vesicles was added to the formed Dyna-
beads–Ab complex. Samples and complex were incubated for 15
minutes at room temperature, with rotation. Following vesicle
binding to the antibody, the beads–Ab–vesicle complex formed
was washed four times using PBS washing buﬀer (Invitrogen,
Thermo Fisher Scientic, CA, USA). The Ab–vesicle complex was
eluted from the beads though the addition of 20 ml elution
buﬀer (Invitrogen, Thermo Fisher Scientic, CA, USA). For gel
electrophoresis, vesicles were resuspended in a loading mixture
containing 2.5 ml NuPAGE LDS sample buﬀer (4), 1 ml NuPAGE
Reducing Agent (10) (all from Thermo Fisher Scientic, CA,
USA) and 6.5 ml dH2O and were incubated for 10 minutes at
70 C. Samples were loaded onto NuPAGE Novex 4–12% Bis-Tris
protein gels (1 mm thick) and were run at 160 V for 60 minutes
using MOPS buﬀer. 500 ml NuPage Antioxidant (Thermo Fisher
Scientic, CA, USA) was added to the buﬀer to maintain the
reduced state of proteins during protein gel electrophoresis. A
Novex Sharp Pre-stained protein standard was used for refer-
ence (Thermo Fisher Scientic, CA, USA). For controls, PBS was
used instead of culture medium and samples were subjected to
the same isolation procedure and steps.
Analysis of size distribution
Dynamic light scattering (DLS) using a Zetasizer Nano ZS
Instrument (Malvern Instruments Ltd, Malvern, United Kingdom)
was used to characterize the culture medium of young (14 days)
andmature (1 year) constructs at the nano-scale in order to detect
the presence of extracellular vesicles. 2.5 ml of supplemented
medium for cell culture and culture medium from young and
mature constructs were diluted 1 : 10 in PBS, inserted into 12mm
polystyrene cuvettes (Malvern Instruments Ltd, Malvern, United
Kingdom) and size measurements were taken at a 173 degrees
scattering angle, using a RI parameter of 1.33, at 22 C. A 4 mW,
633 laser was passed through the samples. 3 readings were taken
per sample and averaged to obtain the size distribution of
nanoparticles based on scattered light intensity.
Nanoparticle tracking analysis
Nanoparticle tracking analysis (NTA) was performed using
a NanoSight LM10 instrument (Malvern Instruments Ltd, Mal-
vern, United Kingdom), in order to measure matrix vesicle size
and concentration within the culture medium of constructs.
Calibration of the machine was performed using 200 nm poly-
styrene latex microspheres. Culture medium samples from7624 | RSC Adv., 2018, 8, 7622–7632young (14 days) and old constructs (1 year) were collected and
stored at 80 C. Matrix vesicles were isolated using immuno-
precipitation and used immediately for NTA.
Approximately 300 ml of nanovesicles suspended in buﬀer
were injected into the NanoSight sample chamber. Control
medium samples were diluted 1 : 10 in PBS prior to injection.
In-between recordings, the loading chamber was washed with
0.2 mm-ltered PBS and dH2O for three times.
The particle detection threshold was set to 8 and camera gain
was set to a value of 1. For each sample, two NTA videos of 60
seconds duration, containing recordings of the nanovesicles
moving under Brownian motion, were collected using the NTA
2.2 soware. Nanovesicles were tracked individually by the
soware based on scattered light when exposed to a 50 mmwide
laser. The long-distance scattered light from the vesicles was
detected by a 20 magnication microscope, connected to the
recording camera. The matrix vesicles hydrodynamic diameters
were calculated using the Stokes–Einstein equation and
concentration was calculated based on volume. Data generated
by the soware concerning size and concentration was averaged
to produce the nal distribution for each sample.
ATP detection
Mineralisation is an ATP-dependent process and staining for
ATP was performed directly on the beads to detect its presence
using quinacrine dihydrochloride.23,24 Quinacrine dihydro-
chloride $90%, produced by Bayer (Sigma-Aldrich, Germany),
was reconstituted using deionised H2O (dH2O) and was used at
a concentration of 10 mM, based on previous research.25
Following isolation, 750 ml of the bead–antibody–vesicle
complexes and controls (beads–antibody complexes, where
dH2O was used instead of culture medium) were incubated with
the dye for 30 minutes at room temperature. Following incu-
bation, the beads were washed four times with dH2O and
samples were imaged using an Olympus Fluoview FV1000
confocal laser scanning microscope (Olympus, Tokyo, Japan)
equipped with a multi-line argon laser FV5-LAMAR/LAMAR-2
and a Helium–Neon Green Laser FV5-LAHEG-2/FV5-LAHEG.
Images acquired from excitation at a wavelength of 405 nm
were collected using the Fluoview FV10-ASW soware, version
4.2 (Olympus, Tokyo, Japan) with an exposure time of 20 ms per
pixel.
Aﬃnity to collagen gels
The ability of these vesicles to interact with bone matrix was
assessed through incubation on at culture wells coated with
collagen I, similar to the major organic component of bone.
Matrix vesicles bound to the monoclonal antibody against TNAP
were eluted from the beads using the procedures described
above using 20 ml elution buﬀer (Thermo Fisher Scientic, USA)
and were added to 300 ml TBS buﬀer. 100 ml of the re-suspended
vesicles were applied in triplicate to 1.9 cm2 wells in 24 well
plates coated with collagen I (Gibco, Life Technologies, Thermo
Fisher Scientic, USA) to determine whether the vesicles would
be able to bind to collagen type I. Antibody–vesicle complexes
were incubated in the plates for 30 minutes at roomThis journal is © The Royal Society of Chemistry 2018
Fig. 1 Development of the immuno-isolation method. Monoclonal IgG antibodies (a) were incubated with the magnetic beads for 15 minutes at
room temperature with gentle rotation (b). During this incubation period, the antibodies bound via their Fc region to protein G, covalently
coupled to the surface of the beads (c). Each bead recruitedmultiple antibodies, which were capable of binding the antigen of interest (TNAP) via
their Fab regions (d). MB ¼ Magnetic Bead.
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View Article Onlinetemperature, followed by a further incubation step at 37 C for
30 minutes to partially simulate the physiological context. To be
able to detect the amount of binding, a secondary antibody
against the rabbit monoclonal primary antibody was used.
Following incubation, wells were washed three times with TBS
to remove the unbound vesicles. Secondary donkey anti-rabbit
antibodies conjugated to Alexa Fluor 488 uorophores, wereFig. 2 Immuno-isolation of matrix vesicles from organotypic bone cultur
were developed and cultured for extended periods of time, during which,
due to signiﬁcant mineral deposition. Culture medium was collected from
analysis. (c) Dynamic light scattering analysis of samples from control (ser
Compared with controls, media from both young and mature constructs
isolation of matrix vesicles from this population was performed by incu
minutes at room temperature, in PBS-Tween 20. Monoclonal antibodies
their Fab regions (e). The Ab–MB–MV complexes were separated from
Antibody, MB ¼ Magnetic Bead.
This journal is © The Royal Society of Chemistry 2018diluted to 10 mg ml1 in TBS containing 1% BSA and 100 ml were
applied in triplicate to the bottom of the wells and le to
incubate for 1 hour at room temperature. Following incuba-
tion, tissue sections were washed three times with TBS for 1
minute. In order to check for non-specic antibody binding,
the steps listed above were performed on additional wells, in
triplicate without the addition of the primary antibodies.emedium. (a) Bone-tissue-like constructs containing osteoblastic cells
a process of ossiﬁcation took place and the matrix increased in density
culture dishes at various time points (b) and subjected to nanoparticle
um supplemented, cell-free), 14 days and 1 year-old medium samples.
contained nanoparticles in the size range of 50–300 nm. (d) Immuno-
bating 1000 ml of culture medium with the Ab–MB complexes for 15
attached to the vesicles containing TNAP on their outer membranes via
unbound antibodies and particles using magnetic separation (f). Ab ¼
RSC Adv., 2018, 8, 7622–7632 | 7625
Fig. 3 Characterisation of the immuno-selected vesicles. (a) Nanovesicles, visualised in real-time exclusively using NTA. Controls (sterile PBS) did
not contain any nanoparticles. The growth medium of constructs contained an abundance of nanovesicles, whereas the buﬀer containing the
isolated samples contained a smaller population of vesicles. Positive controls (200 nm polystyrene beads) are provided as reference. (b) The small
population of puriﬁed vesicles was detected in a much narrower range than the total exosomes in the construct medium (dotted lines). Vesicles
ranging between 100–200 nm were particularly abundant. Data is presented as average of multiple runs  SD. nmatrix vesicles ¼ 3; ncontrol ¼ 3,
ntotal exosomes ¼ 2. (c) When denatured using SDS-PAGE, the Ab–MV complexes separated into several fractions, which include the TNAP protein
dimer (80–110 kDa), the IgG antibody (170 kDa) and several unidentiﬁed protein fractions (110–160 kDa). (d) The TNAP-containing population of
vesicles selected accounts for approximately 0.005% of the total secretome.
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View Article OnlineSamples were imaged using the confocal system described
above, using a 10 objective lens. Images were acquired from
excitation at a wavelength of 488 nm, in triplicate, for the
samples, controls and antibody controls. Data was collected
using the Fluoview FV10-ASW soware, version 4.2 (Olympus,
Tokyo, Japan).Statistical analysis
All data is presented as mean  SD. Statistical analysis was per-
formed using a one-tailed distribution t-test, with a hetero-
scedastic variance assumed. A p value lower than 0.01 or 0.05 was
chosen for determining signicance (MS Excel, Washington, USA).7626 | RSC Adv., 2018, 8, 7622–7632Results and discussion
The outer membranes of matrix nanovesicles are rich in tissue
non-specic alkaline phosphatase (TNAP), a form of ALP involved
in both skeletal mineralization and ectopic calcications.5,6,17,18,26
TNAP is central to the ossication process, and on the MV
membrane, it hydrolyses both ATP and the mineral inhibitor
pyrophosphate (PPi) to monophosphate ions in order to aid in
building the bone mineral. Deactivating defects in the TNAP gene
in mice show matrix vesicles which do contain a mineral phase
but are unable to self-nucleate and generate further crystal growth
due to high-amounts of pyrophosphate, leading to symptomsThis journal is © The Royal Society of Chemistry 2018
Fig. 4 The size-variable concentrations of mineralisation vesicles
obtained (a) from immuno-isolation in this study compared to
extensive studies in which these vesicles were isolated from culture
using diﬀerent ultracentrifugation protocols (b and c). (b)9 presents the
size distribution of vesicles from mineralising (red) and non-mineral-
ising controls (black) and image (c)29 presents mineralising samples
only. This study (a, red) shows that the vesicles isolated using immuno-
selection belong to a much narrower size range (predominantly 100–
200 nm, red/green dotted lines), considerably reducing the amount of
potential contaminating exosomes of similar size. Images (b) and (c)
are used under the terms of the Creative Commons Attribution
Licence (CC-BY-NC 3.0 Unported and CC-BY respectively).
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View Article Onlinesimilar to the hereditary condition hypophosphatasia,4,18,19,27 as
well as rickets, osteomalacia and spontaneous fractures.
As such, the membrane-associated TNAP was targeted for
immuno-capturing mineralisation nanovesicles and a sche-
matic of the isolation system used to purify populations of
nanostructures with similar characteristics to matrix vesicles is
presented in Fig. 1. The method involved building an isolation
complex by coupling TNAP monoclonal IgG antibodies (Ab) toThis journal is © The Royal Society of Chemistry 2018recombinant protein G (17 kDa), which was covalently bound to
the surface of 2.8 mm superparamagnetic beads (MBs). During
a 15 minutes incubation at room temperature in PBS-Tween 20,
the antibodies became bound via their Fc regions to the beads,
leaving the Fab regions on the antibodies available to bind TNAP
on the outer surface of vesicles. A volume of 1.5 mg of magnetic
beads was used, with the potential to recruit between 12.5–15 mg
TNAP IgG. This volume was used throughout the whole proce-
dure and recovered aer each incubation step using magnetic
isolation.
Organotypic bone constructs were developed by embedding
periosteal osteoblastic cells into mechanically-strained brin
scaﬀolds,22 which were cultured for extended periods of time,
during which, the matrix became gradually replaced with a cell-
produced greater density matrix containing increasing amounts
of mineral (Fig. 2a). As the matrix underwent ossication,
growth medium was collected from the culture wells (Fig. 2b)
for extracting vesicles involved in crystal nucleation and
mineralisation.
Before proceeding with vesicle immuno-isolation, secretome
analysis using Dynamic Light Scattering (DLS) was performed
on culture medium acquired from 14 days and 1 year-old
constructs and controls to compare the normal distribution of
nanoparticles at early and mature time points and with respect
to normal supplemented medium (Fig. 2c). Interestingly, both
the early and mature culture medium contained nanoparticles
in the size range of 50 nm to 300 nm compared to controls
(serum supplemented but cell-free medium), which encom-
passes the range in which previously described matrix miner-
alization vesicles were detected.3,6,28 Mature constructs (1 year),
which have been previously shown to contain approximately
70% mineral,22 contained a higher concentration of these
nanoparticles in their growth medium.
To determine whether this set of cell-secreted nanoparticles
contained a sub-population of matrix vesicles involved in skel-
etal mineralization, the TNAP immuno-isolation procedure was
used to separate this subset of vesicles from the rest of the
secretome. The isolation procedure involved incubating 1000 ml
of culture medium with the Ab–MB complex (Fig. 2d) for 15
minutes at room temperature, in PBS-Tween-20. During this
incubation, the Ab–MB complexes attached to the surface of
vesicles via Fab-TNAP binding (Fig. 2e). The remaining debris
and unbound vesicles were removed by magnetic separation
(2f). The Ab–MV complex was subsequently eluted from the
beads and used with diﬀerent analytical techniques.
Nanoparticle tracking analysis (NTA) performed on the iso-
lated potential matrix vesicles as well as non-puried construct
medium samples (Fig. 3a and b), indicated that it was possible
to isolate a small population of TNAP-containing nano-
structures with sizes in a much narrower range than the ones
present in the growth medium (Fig. 3b) and compared to
similar studies conducted using traditional ultracentrifugation
methods.9,29 The highest concentrations were those of particles
which ranged in size from 100–200 nm (Fig. 3b). This corresponds
to the range in which previously described matrix mineralization
vesicles were detected by previous authors.3,5,6,26RSC Adv., 2018, 8, 7622–7632 | 7627
Fig. 5 Isolatedmatrix vesicles contain ATP. (a) Mineralisation is an ATP-mediated process. ATP is used bymembrane-bound TNAP on the surface
of vesicles to generate Pi. Vesicular ATP was labelled using quinacrine dihydrochloride and visualised indirectly using confocal microscopy,
where it was detected as blue ﬂuorescence surrounding the beads. (b) Puriﬁed MVs and controls were stained directly on the magnetic beads
using quinacrine dihydrochloride. Controls contained the bound antibody but were treated with dH2O as opposed to culturemedium. All images
were acquired under the same conditions and settings. Some degree of background staining can be observed in control beads. The vesicles-
bound beads generate a signiﬁcantly higher amount of ﬂuorescence (c, *p < 0.01), indicating that the presence of ATP is associated with the MVs.
7628 | RSC Adv., 2018, 8, 7622–7632 This journal is © The Royal Society of Chemistry 2018
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View Article Online
Fig. 6 Isolated matrix vesicles show a high degree of osteocompetency. (a) The TNAP Ab-bound vesicles have the ability to signiﬁcantly bind
collagen type I (top row, (b) *p < 0.05), compared to controls, which contained eluted TNAP antibodies only and showed a small degree of non-
speciﬁc binding (centre). Collagen binding was detected using Alexa Fluor 488 conjugated secondary antibodies against the primary rabbit TNAP
Ab. These secondary antibodies showed a small degree of non-speciﬁc binding to the collagen I surfaces ((a) bottom row). The ﬂuorescence of
samples containing MVs was signiﬁcantly higher than the Ab control samples ((b) **p < 0.05). Images were acquired using the same settings and
conditions. Scale bar ¼ 100 mm; ***p < 0.05.
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View Article OnlineWhen denatured under SDS-gel electrophoresis, MV–IgG
complexes eluted from the beads separated into several frac-
tions (Fig. 3c). The TNAP band can be observed as a dimerThis journal is © The Royal Society of Chemistry 2018between 80–110 kDa,30,31 and IgG bands appeared at around 170
kDa, as conrmed by antibody controls. Fractions of other,
unidentied proteins appeared between 110–160 kDa, furtherRSC Adv., 2018, 8, 7622–7632 | 7629
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View Article Onlinesupporting the proteomic complexity of the isolated structures,
as previously reported with MVs.
This method allowed the isolation of approximately 46
million TNAP containing vesicles per 1 ml of bone culture
medium, accounting for approximately 0.005% of the total
secretome (total cell products recorded in the same amount)
(Fig. 3d). The successful separation of this small population
from the medium of constructs, which contains a signicantly
high amount of proteins (Fig. 3c) is an advantage over tradi-
tional ultracentrifugation protocols (Fig. 4a–c), where rotation
at high velocities can result in protein aggregation, which can
lead to false positive results.32,33
As mentioned previously, TNAP is the major phosphatase of
MV vesicles, which regulates the generation of extracellular Pi,
and this is an ATP-mediated process.5,18 These vesicles can
maximally initiate the deposition of calcium in the presence of
this organic chemical.34 The presence of ATP in matrix vesicles
was investigated using quinacrine dihydrochloride staining and
was imaged indirectly using confocal microscopy of bead
complexes (Fig. 5a). The beads which were bound to the
selected matrix vesicles generated a signicantly higher amount
of uorescence compared to controls (beads bound to the
antibody-only) (Fig. 5b and c). The detection of ATP co-localised
with the vesicles could be indicative of an active role of these
structures in the mineralisation process of constructs.
The role of these vesicles was probed further by assessing
their osteogenic potential, or their ability to bind the bone
extracellular matrix. Matrix vesicles have been shown to bind to
collagen type I, II and X35 and collagen I has been shown to
induce the vesicle-mediatedmineralisation of articular cartilage
embedded in agarose–collagen hydrogels.36 The aﬃnity of the
isolated vesicles to collagen I was tested by incubating the
eluted vesicle–antibody complexes from the beads to at,
collagen I-coated wells during a 1 hour incubation regime.
The amount of binding of the matrix vesicles to the collagen
surfaces was detected by applying a uorescently-tagged (Alexa
Fluor 488 conjugated) secondary antibody against the primary
TNAP antibodies that remained bound to these structures.
Results are presented in Fig. 6a and b and show that MV-
incubated collagen surfaces generated signicantly higher
amounts of uorescence compared to controls, which con-
tained the primary antibody-only. Both the primary and the
secondary antibodies showed a small degree of non-specic
binding, however, surfaces which were bound to matrix vesi-
cles generated signicantly higher uorescence in all cases.
These results suggest that puried matrix vesicles have a high
degree of aﬃnity to the collagen matrix and are therefore
osteocompetent.
Conclusions
This work presented a method for TNAP-dependent immuno-
capture of specic matrix vesicles involved in ossication from
organotypic bone culture systems, thus providing a new source
of these inaccessible structures. A small, distinct population of
TNAP containing vesicles can be isolated using this method and
these structures appear to contain ATP and have an aﬃnity to7630 | RSC Adv., 2018, 8, 7622–7632collagen I, suggesting a high degree of osteocompetency and
that the population selected is representative of the in vivo
structures.
This isolation procedure can undergo further optimisation
by increasing the incubation times of vesicles with the antibody-
bound beads and by applying a range of physiologically-relevant
temperature intervals.
A higher yield could be generated by using purication beads
of larger size, as the bigger volume would allow higher amounts
of protein G on the surface, therefore IgG recruitment and
hence available binding slots for selecting matrix vesicles.
Vesicles recovered from this method can be used in further
applications that could clarify their involvement in the miner-
alisation process. This includes chemical characterisation of
protein content using mass spectrometry, for detecting annex-
ins2,5,6,11 and peptidases commonly described as being part of
matrix vesicles.37–39 Fluorescence imaging using super high-
resolution microscopy (SIM, STED, PALM, STORM)40,41 and
TEM2,4 could allow visualisation of these nanostructures.
Demonstration of their role in cartilage mineralisation could
also be attempted using collagen type II–X surfaces.35 Several
molecular techniques (qPCR, microarrays, ELISA, Western
Blots) could allow detection and isolation of MMPs, integrins,
transport proteins and miRNA species, which could be used to
characterise the molecular role of these structures.42–44Conﬂicts of interest
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